Abstract: Photon sources are fundamental components for any quantum photonic technology. The ability to generate high count-rate and low-noise correlated photon pairs via spontaneous parametric down-conversion using bulk crystals has been the cornerstone of modern quantum optics. However, future practical quantum technologies will require a scalable integration approach, and waveguide-based photon sources with high-count rate and low-noise characteristics will be an essential part of chip-based quantum technologies. Here, we demonstrate photon pair generation through spontaneous four-wave mixing in a silicon micro-ring resonator, reporting separately a maximum coincidence-to-accidental (CAR) ratio of 602 ± 37 (for a generation rate of 827kHz), and a maximum photon pair generation rate of 123 MHz ± 11 kHz (with a CAR value of 37). To overcome freecarrier related performance degradations we have investigated reverse biased p-i-n structures, demonstrating an improvement in the pair generation rate by a factor of up to 2 with negligible impact on CAR.
Introduction
Integrated quantum photonic circuits are a promising approach to realizing future quantum information processing technologies [1] . Recent demonstrations include quantum logic gates [2] , small-scale factoring algorithms [3] , quantum simulations [4] and entanglement generation and manipulation [5] . However, these circuits lack the crucial ability to generate quantum-states of light on-chip, and future quantum photonic circuits will require on-chip single-photon sources, single-photon detectors and compact and scalable waveguide circuits to realize applications in quantum communication, sensing, simulations and computation.
The silicon-on-insulator (SOI) material system is a particularly appealing photonic technology platform for realizing future quantum technologies as its high refractive index contrast and mature fabrication techniques provide the ability to implement compact and complex quantum circuits. In addition, the high confinement of light and the large χ (3) nonlinearity of silicon can be utilized for efficient photon-pair generation via spontaneous fourwave mixing (SFWM) [6] . Together with the development of near unity efficient silicon waveguide single-photon detectors [7, 8] , and the recent demonstration of quantum interference and entanglement manipulation in silicon waveguide circuits [9, 10] , silicon is a promising platform for fully integrated on-chip quantum photonic technologies.
In this paper we exploit the high χ (3) nonlinearity of silicon and investigate high Q-factor micro-ring resonators to realize low-noise and high-brightness on-chip photon pair generation. SFWM for photon-pair generation has been previously demonstrated in straight waveguides [6] , photonic crystal waveguides [11, 12] , and micro-ring resonators [13, 14] . The major distinction between these approaches is the generation of broadband photon pairs from the straight waveguides and photonic crystal waveguides, whilst micro-ring resonators can have emission bandwidth orders of magnitude narrower. High Q-factor micro-ring resonators are also able to provide a significant field enhancement, resulting in enhanced photon-pair generation rates. Pair generation enhancement is also observed in photonic crystal waveguides operating in the slow light regime [11, 12] . However, due to the large field intensities within these structures, nonlinear optical losses associated with two-photonabsorption (TPA) induced free-carrier-absorption (FCA) can lead to degradation in the performance of the device. Here we present an on-chip photon source with low-noise and high photon-pair count-rate, demonstrating a two-fold performance improvement in countrate by mitigating these parasitic nonlinear effects. A reverse-biased p-i-n diode is embedded in a silicon micro-ring resonator to remove free-carriers generated by the pump and overcome the FCA associated optical losses. To put this work into context, Table 1 presents a summary of the state-of-the-art in silicon-based photon pair sources focusing on the coincidence-toaccidentals (CAR) performance and associated photon count rates for both pulse excitation and continuous wave excitation. Figure 1 shows the experimental setup used. An external-cavity diode laser (ECDL) operating close to 1550 nm provides a pump beam, which is amplified by an erbium-doped fiber amplifier (EDFA) and then spectrally cleaned using a 0.5 nm bandwidth fiber Bragg grating (FBG) and a circulator. This pump beam is then injected into the chip using a 2-µm spot-size lensed fiber. The output containing the residual pump beam and also the photon pairs generated by the SFWM process are collected by another lensed fiber. The pump beam is removed using another FBG-circulator setup and the remaining photon pairs are then separated by a dense-wavelength-division-multiplexer (DWDM) with a 200 GHz channel spacing, and sent to superconducting single photon detectors (SSPD) for time of arrival analysis. We have used SSPDs mounted in a practical closed-cycle refrigerator, with maximum efficiencies of 5% and 15% at 1550 nm [15] . The detection correlation measurement is performed by a time interval analyzer (TIA). The silicon device is fabricated using an SOI layer structure with a 220 nm silicon layer thickness. The etch depth is 170 nm and the width of the waveguide is 450 nm. The chip is further coated with an oxide layer of thickness 90 nm. The length of the device is 2 mm having spot size converters (300 µm long inverted taper going expanding from 100 nm to 450 nm width) on both the input and the output to efficiently couple the light. The resonator is a racetrack with 10 µm bend radius and 5 µm straight sections and a 300 nm gap between the bus and the racetrack waveguide. We chose the racetrack geometry over a simple ring geometry since it enables to use a larger gap which is more robust to fabrication tolerances. The racetrack waveguide was surrounded by a p-i-n junction formed by ion implantation and a rapid thermal annealing. The nominal doping concentration was of 1x10 20 cm −3 for both pdoping (boron) and n-doping (phosphorous). The distance from each side of the junction to the edge of the waveguide was 400 nm. The coupling losses between the facets and the fiber lenses are estimated to be 3 dB per facet, with a total device insertion loss of ~10 dB. On resonance the device exhibits a 13 dB extinction ratio, and has a Q factor of 37,500. Throughout the experiment we have used TE polarized light.
Experimental setup
The resonance wavelength of the micro-ring is controlled via temperature tuning, and when the pump wavelength and the ring resonance are not aligned, we observe photon pair generation from only the 2-mm long straight bus waveguide, as no pump power is coupled to the ring. When the ring and pump are resonant, there is a strong field enhancement in the ring (of length ~70 μm) and an associated increase in the photon-pair generation rate. At high pump powers, TPA of the pump occurs and the resulting free-carrier absorption (FCA), freecarrier dispersion (FCD) and thermo-optical effects give rise to a shift of the ring resonance to a higher wavelength, and an associated reduction in the Q-factor due to the nonlinear losses within the ring. Since we inject a CW pump of a few mW, direct absorption of the pump, signal and idler from TPA is negligible compared to the FCA [16] . Fig. 1 . Experimental setup. A tunable external cavity diode laser (ECDL) is amplified and the noise is removed using a fiber Bragg grating (FBG) with circulator and a dense wavelength division multiplexer (DWDM). The light is coupled in an out of the device using lensed fibers. The output pump and generated photons are separated with another FBG and DWDM. The channels of the DWDM are input into the two channels of the superconducting single photon detector (SSPD) and the response is recorded using a time interval analyzer (TIA). The device is a ring resonator with a 10 µm radius and 5 µm coupling region. The inset shows the cross section of the waveguide and p-i-n junction. b) Transmission spectrum of the device.
Results
Figure 2(a) presents the relation between the intrinsic photon pair generation rate and the pump power inside the device. When the ring is off-resonance, the pair generation rate is observed to have a quadratic relationship with the input power, whilst the pair generation rate when the pump is on-resonance are fitted with Eq. (1) derived from the work presented in [16] , which accounts for the nonlinear relation between the power inside the ring and the injected pump power. 
In Eq. (1) CC is the number of coincidence counts (pairs) measured per second, α ring is the pair generation coefficient with respect to the power in the ring resonator. r and t are the reflection and transmission coefficients of the waveguide coupled to the ring, β is the nonlinear coefficient accounting for free carrier absorption, τ is the round trip field dampening due to losses in the optical waveguide, η 1 and η 2 are the channel collection efficiencies for the signal and idler photons. The power injected to the ring is calculated from the input power accounting for the facet loss. In the off-resonance case, the intrinsic pair generation rate is estimated to be 45 kHz.mW −2 , as detailed in section (3.1). In the on-resonance case, we first infer the two channels collection efficiencies η 1 and η 2 (respectively −27 dB and −34 dB) from the measurement of the singles and coincidence counts -see section (3.1). We obtain the ring parameters t = 0.128, r = 0.991 and τ = 0.992 from the fit to the spectral response of the ring in the linear (low power) regime ( Fig. 1(b) ). Equation (1) has only then two remaining free parameters and the fit to the curve on Fig. 2(a) gives β = 0.04W −2 and α ring = 0.91 kHz.mW −2 . Then, one can define a low power (i.e. neglecting losses from FCA) pair generation rate (with respect to the input power) as: It is well known that the large field enhancement of high Q-factor silicon resonators give rise to strong TPA even at relatively low pump powers, generating free-carriers and introducing additional losses which degrade the device performance [17] . In order to mitigate these effects we have incorporated a p-i-n junction surrounding the ring, and by applying a reverse-bias voltage it is possible to sweep out the free carriers generated inside the ring. This approach has previously been shown to reduce the free carrier life-time and suppress freecarrier related effects [18] [19] [20] , leading for example to an enhanced Raman lasing in silicon [17] . A reverse-bias voltage of 8 V was empirically found to give the best enhancement for the input powers investigated in this work. Figure 2 (a) plots the generation rate for the reverse bias case (triangles), showing an enhancement of up to 2.1 times that of the unbiased case (dots) (for an injection power of 4.8 mW), and a maximum count rate of 123 MHz compared with 59 MHz for the un-biased case with the same injection power. The photon-pair generation rates presented in Fig. 2(a) are calculated by acquiring histograms of the coincidence counts for different arrival times of the signal and idler photons (with 8 ps intervals), and then integrating over a coincidence window duration (Τ) corresponding to the full-width-half-maximum (FWHM) of the coincidence histogram. Figures 3(a)-3(c) present examples of three of these coincidence histograms for three different input powers (0.019, 1.1 and 4.8 mW) for the case of an un-biased on-resonance device. In Figs. 3(d)-3(f) , the black solid lines show the total coincidence counts as a function of the coincidence window duration, which tends to a fixed value for coincidence window durations much greater than the FWHM of the coincidence histogram.
Calculation of pair generation rate
In order to infer the pair generation rates on-chip we have to account for the collection efficiencies of the detection channels which includes all the losses that photons undergo from the chip to the detector and the efficiency of the detector. The collection efficiencies of the two channels and the single and the coincidence counts are related to each other by the following set of formulas. 
where C 1 and C 2 are the single photon counts, η 1 , η 2 are the collection efficiencies of detection channels 1 and 2 respectively, CC is the coincidence count, P is the input power and α is the pair generation rate. The coefficients n 1 , n 2 are associated with the noise terms that are linear with respect to the input power (such as Raman noise from the fibers), dc 1 and dc 2 are the dark counts of the two detectors and acc is the accidental counts. The quadratic coefficients of the input power, P in Eqs. (2)- (4) can be extracted from polynomial fits to the measurement data. From these quadratic coefficients it is possible to extract the values for η 1 , η 2 and α. We have integrated the full coincidence histogram peak to obtain the CC values in Eq. (4) for low input powers (<2.1mW) in the on-resonance case. The channel collection efficiencies are found to be −27 dB and −34 dB for channel 1 and channel 2 respectively, and take into account all losses within the system (including device coupling losses). These values are used in the calculation of the pair generation rate throughout the experiments.
Calculation of the CAR
The CAR is calculated by acquiring a histogram of the coincidence counts within an 8 ps detection time interval between signal and idler photons. As already discussed, Figs. 3(a)-3(c) show examples of three coincidence histograms for three different input powers. The CC is defined as the sum of the counts within the given coincidence window. The accidentals are directly measured by integrating the events outside the coincidence peak. By averaging the number of events in each bin outside the coincidence peak and multiplying by the number of bins in one coincidence window, we obtain the number of accidentals. The CAR value and associated CC depends greatly on the duration of the defined coincidence window. It can be observed that as the coincidence window duration approaches zero, the CAR values calculated from the Gaussian fit tend to a single value. This value represents that maximum obtainable CAR value from this particular experiment, taking into account all the noise sources including detector dark counts, pump leakage, Raman noise, multi-pair production, etc. It should be noted that the detector dark count rate of 1 kHz, overall collection efficiencies of −27 dB and −34 dB and a coincidence window of 230 ps yield an upper limit on the CAR value of 830. The total coincidence count rate on the other hand tends to a maximum value as the coincidence window duration tends to infinity (and approaches zero as the coincidence window duration tends to zero). Thus to define single values for the photon pair generation rate and CAR, it is necessary to choose a particular coincidence window duration. Typically, the pair generation rates and CAR values quoted in the literature use a range of different and some-what arbitrarily chosen values of the coincidence window. To define the single values for pair generation rate and CAR presented in Fig. 2 , we have chosen a coincidence window duration defined as the FWHM of the Gaussian fit to the coincidence peak (the width of the peak is determined by the combined jitter in the single photon detectors, amplifiers and timer interval analyzer and is 230 ps). This enables a useful estimate of the pair generation rate and CAR values by taking into account a significant number of all the coincidence events, yielding values that are close to the maximum obtainable pair generation rates (given as Τ → infinity) and the maximum obtainable CAR (given as Τ → 0). It thus provides a useful benchmark for comparison with previous experimental results (see Table 1 ). Table 2 presents a summary of the photon-pair generation rate and associated CAR for two different coincidence windows; one covering FWHM (~230 ps) and one covering ± 3 standard deviations (~580 ps) of the Gaussian fit to the coincidence histogram. 
Discussion
In this letter we have studied photon pair generation in a silicon micro-ring resonator through SFWM. A maximum CAR value of 602 ± 37 is measured for an injection pump power of 0.019 mW, corresponding to photon-pair generation rate of 827 kHz. The maximum photon pair generation rate of 123 MHz is achieved, at an injection pump power of 4.8 mW, by applying a 8 V reverse bias voltage across the p-i-n structure to mitigate the parasitic effects of free-carrier absorption (with an associated CAR value of 37 ± 1.3). Increasing the reverse bias voltage beyond 8 V does not lead to a further increase in the photon pair generation rate, and we instead observe a reduction in this rate. We attribute this effect to a change in the coupling constant between the ring resonator and the bus through thermo-optic effects induced by the removal of the free carriers. As we increased the bias voltage, we indeed observed a shift in the resonance peak towards longer wavelengths jointly due to the dominant thermo-optic effect and a reduction in the free carrier dispersion. These free-carrier absorption parasitic effects are even more prominent for devices pumped with short laser pulses. For instance, Xiong et al [11] investigated pair generation in slow-light photonic crystal structures, and demonstrated clear saturation due to TPA and FCA at peak power of just 0.4W. Implementation of a p-i-n structure in such a device could extend the operation of these devices into a regime of higher pair generation rate. While the photon pair rate increases with reverse bias, it is worth noting that the CAR is only slightly degraded. This degradation is expected from the increase of multi-pair terms due to the higher pair generation rate. However this effect was mitigated by an increase in the signal-idler collection due to the reduced FCA.
The results presented in this paper highlight the potential of silicon as a promising photon source for photonic quantum information processing and communications, with properties of low noise (suitable for example in high fidelity quantum operations) or high generation rate (suitable for example in high-rate quantum key distribution). It is interesting to note from comparing the CAR values shown in Fig. 2(b) , we see that for the on-resonance conditions, the reverse-biased and un-biased case give similar values, whereas for off-resonance the CAR is much lower. This is likely due to noise from Raman scattering in optical fibers of the experimental setup which deteriorates the CAR for low photon-pair generation rates in the off-resonance case.
Currently the filtering of the pump, signal and idler photons are achieved using fiber optic components, but with improved architectures, on-chip filtering could also be performed by further taking advantage of resonant structures. The ring cavity also has the advantage of generating photon pairs having low spectral entanglement [21] when pumped with a pulsed source having a bandwidth greater than the resonance width. This will enable such ring sources to be used as high purity single photon sources, heralded on the measurement of one of the photon pairs. The relevant figures of merit (CAR and CC) for such a source should be taken by integrating the full coincidence peak (at least at ± 3σ) since selecting part of the peak would be equivalent to a loss on the heralded photon generated thus lowering the heralding efficiency of the source. The high CAR achieved makes these sources a good candidate for low noise multiplexed single photon sources [22] which could in turn be used in a scalable manner to seed a linear optical quantum circuit.
The on-chip photon pair source reported in this paper is fully compatible with already demonstrated silicon quantum circuits [9] and high-efficiency waveguide integrated superconducting single-photon detectors [7, 8] . It is therefore possible to realize in a single material system all the major components required for on-chip linear optics quantum information processing; low noise single photon sources, compact waveguide circuits and efficient single photon detectors. The next major challenge is to integrate all these components into a single unified technology platform, for which the silicon-on-insulator material system appears to be a promising candidate.
